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WIND-BLOWN BUBBLES AND HII REGIONS AROUND MASSIVE STARS
S. J. Arthur1
RESUMEN
La evoluci on de las estrellas muy masivas est a dominada por su p erdida de masa, aunque las tasas de p erdida de
masa no se conocen con mucha precisi on, particularmente una vez que la estrella sale de la secuencia principal.
Los estudios de las nebulosas de anillo y de las cascarones de HI que rodean a muchas estrellas Wolf-Rayet
(WR) y variables azules luminosas (LBV) proporcionan algo de informaci on acerca de la historia de la p erdida
de masa en las etapas previas. Durante la secuencia principal y la fase WR los vientos estelares hipers onicos
forman burbujas en el medio circunestelar e interestelar. Estas dos fases est an separadas por una etapa en
donde la estrella pierde masa a una tasa muy alta pero a baja velocidad. Por lo tanto, el ambiente presupernova
es determinado por la estrella progenitora misma, a un hasta distancias de algunas decenas de parsecs de la
estrella. En este art culo, se describen las diferentes etapas en la evoluci on del medio circunestelar alrededar
de una estrella de masa 40 M mediante simulaciones num ericas.
ABSTRACT
Mass loss dominates the evolution of very massive stars, although the mass loss rates are not known exactly,
particularly once the star has left the main sequence. Studies of the ring nebulae and HI shells that surround
many Wolf-Rayet (WR) and luminous blue variable (LBV) stars provide some information on the previous
mass-loss history. During the main sequence and WR stages, the highly supersonic stellar winds blow bubbles
in the interstellar and circumstellar medium. These two stages are separated by phases where the star loses
mass with a very high mass-loss rate but at low velocity. The presupernova environment is thus determined
by the progenitor itself out to distances of some tens of parsecs from the star. In this article, numerical models
are used to illustrate the dierent stages in the evolution of the circumstellar medium around a 40 M star.
Key Words: H II REGIONS | STARS: MASS LOSS
1. INTRODUCTION
Mass-loss dominates the evolution of very mas-
sive stars. Although we can determine directly,
with diculty, the current mass-loss rate and stellar
wind terminal velocity, the previous mass-loss his-
tory must be inferred from studies of the ring neb-
ulae and HI shells surrounding evolved stars. Mas-
sive stars dominate their environment through their
photoionizing radiation and stellar winds. Indeed,
the energy input into the interstellar and circum-
stellar medium by winds and ionizing photons can
be greater than that of the nal supernova explo-
sion, and occurs over a longer timescale.
The currently accepted evolutionary scenario for
massive stars is essentially O star to Red Super-
giant (RSG) to Wolf-Rayet (WR) star to supernova,
for stars more massive than 25M on the main se-
quence, and O star to RSG to supernova for stars
initially below 25 M. The most massive stars will
undergo a luminous blue variable (LBV) stage of en-
1Centro de Radioastronom a y Astrof sica, Universidad
Nacional Aut onoma de M exico, Apdo. Postal 3{72, 58090
Morelia, Michoac an, M exico (j.arthur@astrosmo.unam.mx).
hanced, episodic mass loss. Thus, the presupernova
circumstellar medium can be very dierent depend-
ing on the initial mass of the progenitor star. For
stars that end their lives as red supergiants, the im-
mediate circumstellar medium will be dense and neu-
tral. For stars that have a Wolf-Rayet phase, the cir-
cumstellar medium will be dominated by the hyper-
sonic stellar wind and the low-density, hot, shocked
bubble it creates.
In this paper, we show, through numerical sim-
ulations, how the circumstellar environment of mas-
sive stars is shaped by their ionizing photons and
strong stellar winds throughout their lives.
2. EARLY EVOLUTION: EMBEDDED H II
REGIONS
Massive stars are born in dense molecular clouds
and immediately begin to aect their environment
through their ionizing photon luminosity. The den-
sities in these regions are very high and the resulting
H II regions are very small (< 0:4 pc for compact H II
regions and < 0:1 pc for ultracompact H II regions).
The observed large numbers of such small ionized re-
gions compared to the estimated formation rate and
64©
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WIND-BLOWN BUBBLES AND H II REGIONS 65
lifetimes of massive stars, suggests that some mecha-
nism is responsible for conning these H II regions, or
inhibiting their expansion, for up to 105 yrs (Wood
& Churchwell 1989; Kurtz et al. 1994). This stage,
then, represents about 10% of the lifetime of massive
stars.
The high extinction in these star-forming regions
means that these small, young, ultracompact H II re-
gions are usually only visible at radio and infrarred
frequencies. Radio surveys have shown that up to
30% of ultracompact and compact H II regions have a
cometary form (Kurtz et al. 1994; Walsh et al. 1998).
This suggests that the photoionized gas is expand-
ing o-center in a stratied density distribution, or
is moving through its environment. H II regions in
density gradients produce champagne ows or blister
H II regions, such as those modeled by Tenorio-Tagle
and collaborators (Tenorio-Tagle 1979; Bodenheimer
et al. 1979). Moving star, or bowshock, models were
calculated by Mac Low et al. (1991); van Buren &
Mac Low (1992). More recently, numerical simula-
tions of H II regions in density gradients, with and
without stellar motion, have been compared in detail
with observations by Arthur & Hoare (2006). This
latter work shows that it is important to include the
stellar wind of the ionizing star in the simulations in
order to reproduce the observed radio morphology
and infrarred spectra of some well-observed sources.
The eect of including the stellar wind in the calcula-
tions is shown in Figure 1, where it can be seen that
the H II region becomes conned to a roughly hemi-
spherical shell around the hot, shocked wind bubble.
Within this shell, a champagne-type ow develops,
so although the morphology of the H II region resem-
bles that of a bow-shock model, the kinematics are
closer to a champagne ow, which is what has been
observed in some well-documented cases (Gaume et
al. 1994; Lumsden & Hoare 1999; Zhu et al. 2005).
3. MAIN-SEQUENCE STAGE
As the H II region expands and photoevaporates
the maternal molecular cloud, it becomes visible at
optical wavelengths. Spectacular images of ionized
nebulae such as the Orion Nebula (M82), Trid Neb-
ula (M20) and the Lagoon Nebula (M8) show the en-
vironment of massive stars in this stage of their evo-
lution. The irregular shapes and laments in these
ionized nebulae bear little resemblance to the text-
book classical, spherical H II regions. They can be
explained simply due to evolution of an H II region
in an inhomogeneous medium, such as that produced
by turbulence (Mellema et al. 2006), although it is
likely that instabilities in the ionization front also
Fig. 1. Logarithm of ionized density (greyscale) and
velocity eld for a cut through the rz plane of a two-
dimensional numerical simulation of an H II region in
an exponential plane-stratied density gradient (n =
n0 exp(z=H) with n0 = 8000 cm
 3, scale height H =
0:2 pc) with a stellar wind (wind parameters: _ Mw =
10
 6 M yr
 1, Vw = 2000 km s
 1) after 20,000 yrs of
evolution. The velocity eld is represented by a split
scale: the black arrows show the highest velocity gas
v > 30 km s
 1 (generally representing stellar wind gas),
while the white arrows are scaled to the lower velocity
gas v  30 km s
 1 (present in the photoevaporated ow).
The grayscale shows the densest ionized gas in black with
a dynamic range of 2 orders of magnitude. Neutral gas,
or very low density ionized gas (i.e., stellar wind) appears
white.
play a r^ ole (Garc a-Segura & Franco 1996; Williams
1999). The evolution of an H II region in a turbu-
lent, clumpy medium is shown in Figure 2. No stellar
wind is included in this simulation, but the results
show a striking resemblance to observations of real
H II regions (and see also Mellema et al. 2006).
A stellar wind appears not to be \necessary" to
model the appearance of an H II region in the main
sequence stage. Indeed, stellar wind bubbles around
main sequence stars are notoriously dicult to de-
tect due to their faintness but there is kinematic ev-
idence of their existence (Naz e et al. 2001). The-
ory predicts that the initial H II region will become
trapped in the shell of dense material that has been
swept up by the outer stellar wind shock (Dyson &
Williams 1997). The expansion of the ionized gas
is then driven by the hot, shocked stellar wind bub-
ble. The H II region establishes itself in the swept-
up wind shell and sends an isothermal shock ahead
into the neutral gas. So, near the end of the main-
sequence stage, the wind bubble consists of a large
volume of hot, very low density ionized gas sur-
rounded by a moderately dense photoionized shell
at 104 K, and outside of this a thick, dense neutral
shell expanding at < 10 km s 1, as shown in Fig-©
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66 ARTHUR
Fig. 2. Dynamical evolution of an H II region in a turbulent, clumpy medium (calculation similar to, but higher resolution
than, Mellema et al. 2006). Density and temperature are shown for two dierent evolutionary times, 80,000 yrs and
209,000 yrs, and ve dierent yz slices through the (4 parsec)
3 computational box (osets from the ionizing star shown
on the bottom axis). The density is shown on a negative logarithmic scale between 10 (white) and 10
5 cm
 3 (black),
while temperature is shown on a positive linear scale between 0 (black) and 10
4 K (white).
ure 3. From this gure it can be seen that the entire
wind-bubble structure is at uniform pressure and is
expanding slowly into the interstellar medium.
4. POST-MAIN-SEQUENCE EVOLUTION
Classical wind-blown bubble theory (e.g., Dyson
& de Vries 1972; Weaver et al. 1977) ceases to be ap-
plicable once a star leaves the main sequence. Any
subsequent mass loss will occur within the main-
sequence stellar wind bubble. A RSG or LBV wind
results in a r 2 density gradient in the immediate
circumstellar medium and it is into this environment
that the strong, fast, WR wind expands. An ana-
lytical treatment of this scenario was developed by
Garc a-Segura & Mac Low (1995a).
Hydrodynamic and radiation-hydrodynamic nu-
merical studies of the evolution of the wind-blown
bubbles around stars of initial masses 60 M and
35 M have been carried out by Garc a-Segura et
al. (1996a,b) and Freyer et al. (2003, 2006). The
numerical simulations predict short-lived, observable
nebulae during the LBV or RSG stage and during
the onset of the WR stage. Instabilities are formed
in the dense shells swept-up by the dierent stellar
wind stages, and these are consistent with clumps
observed in ring nebulae around some Wolf-Rayet
stars. The velocity of the LBV or RSG wind is found
to play a key role in the detailed structure of the ring
nebulae formed during this process.
A striking example of the interaction between a
WR wind and a RSG shell is given by the optical WR
ring nebula RCW 58. This nebula consists of clumps
and laments extending radially outward from the
central WN8 star, seen in H, with more diuse
[O III] emission extending beyond (Chu 1982; Gru-
endl et al. 2000). The nebula is enriched in He and N,
conrming that the material has been ejected from
the star, probably during a red supergiant stage.©
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WIND-BLOWN BUBBLES AND H II REGIONS 67
Fig. 3. Radial density and temperature structure of a
stellar wind bubble around a 40M star near the end of
the main sequence stage (410
6 years). Top panel: total
number density (solid line) and ionized number density
(dotted line). Bottom panel: temperature (solid line)
and internal energy (e = p=[ 1] | dotted line). Stellar
parameters _ Mw = 9:110
 7M yr
 1, Vw = 890 km s
 1,
and S = 6:34  10
47 s
 1, ambient density n = 12 cm
 3
and temperature T = 200 K (adapted from van Marle et
al. 2005).
The reality of this high mass-loss rate, low ve-
locity post-main-sequence mass loss is much messier
than described here. The mass loss can be asym-
metric and episodic, with complex velocity structure,
even if the star does not undergo an LBV stage (see
Humphreys 2007). However, to simplify the discus-
sion, we assume that the mass loss in this stage is
homogeneous, isotropic and uniform with time.
A 40 M star will have a RSG stage, during
which its ionizing photon luminosity falls to a neg-
ligible value, and the stellar wind velocity drops
to 15 km s 1 while the mass-loss rate increases to
8:3  10 5 M yr 1 (van Marle et al. 2005). This
phase is short lived, < 2  105 years. As the slow,
dense, neutral RSG wind expands into the main-
sequence wind bubble, a thin, dense shell of shocked
RSG material forms ahead of the freely expanding
RSG wind. The drop in ionizing photon rate leads
to recombination of the H II region in the outer shell,
although the hot bubble remains ionized due to the
long recombination times in this very low-density
gas.
At the end of the RSG phase, the mass-loss rate
remains high while the stellar wind velocity increases
substantially and the ionizing photon rate returns al-
most to the level it was in the main sequence stage.
The transition between the slow, dense RSG wind
and the fast WR wind will involve a period of wind
acceleration into the r 2 density distribution left
by the RSG wind, and this situation is inherently
Rayleigh-Taylor unstable. Clumps and laments of
dense, neutral material form in the interaction re-
gion as the WR wind drives a shock into the RSG
shell (e.g., Garc a-Segura et al. 1996b; Freyer et al.
2003). These clumps lag behind the main swept-up
WR shell but the shell itself does not break up, since
the instabilities stop growing once the acceleration
stage nishes. The clumps and laments are photo-
and hydrodynamically ablated and the evaporating
material is shocked and heated to X-ray emitting
temperatures as it mixes into the hot shocked WR
wind gas.
In Figure 4 we show the temperature and ion-
ized density structure of a two-dimensional simula-
tion of the interaction between the WR wind and
the RSG wind of the 40 M star described above.
During the RSG phase, 16:5 M of stellar material
were expelled in the slow, dense wind and this is
swept up into a shell by the fast WR wind. The
swept-up RSG material dominates the density map
and becomes ionized by the central star as it ex-
pands outwards and the opacity drops. Rayleigh-
Taylor instabilities have caused ngers of dense RSG
material to protrude into the low-density WR wind,
and Kelvin-Helmholtz instabilities have shaped these
structures into laments and clumps. The clumps
are very dense and some have neutral cores. They
are reasonably long lived due to their enhanced cool-
ing rates and so are sources of mass loading of the
WR wind (Hartquist et al. 1986; Arthur et al. 1993,
1996).
5. X-RAY EMISSION FROM WOLF-RAYET
NEBULAE
Of the  150 known Wolf-Rayet stars in the
Galaxy, only  10 of these have wind-blown bubbles
around them, where a wind-blown bubble is char-
acterized by a sharp rim and a short dynamical age
(Chu 1981; Lozinskaya 1982).2 To date, four of these
objects have been observed with X-ray satellites but
only two of them, NGC 6888 and S 308, have been
detected in diuse X-rays.
The observations of NGC 6888 and S 308 reveal
very soft X-ray spectra, with the main component
of the spectra corresponding to X-ray emitting gas
2These objects are: S 308, RCW 58, RCW 104, NGC 2359,
NGC 3199, NGC 6888, Anon (MR26), G2.4+1.4, and there
is kinematical evidence that the nebulae around WR 116
and WR 133 have expansion velocities consistent with wind-
blown bubbles (Esteban & Rosado 1995). Anon(WR 128) and
Anon(WR 134) are possibly wind-blown bubbles, too (Gru-
endl et al. 2000). There are also wind-blown bubbles around
two other evolved stars: NGC 6164-5 (around an O6.5fp star),
NGC 7635 (around an O6.5III star).©
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68 ARTHUR
Fig. 4. Interaction of the Wolf-Rayet wind with the dense shell from the red supergiant stage for a 40M star. The WR
wind parameters are a mass-loss rate of _ Mw = 4:1  10
 5 M yrs
 1 and a stellar wind velocity of Vw = 2160 km s
 1,
and the star has an ionizing photon rate of S = 3:86  10
47 s
 1. (a) Gas temperature and (b) ionized number density
24,000 years after the onset of the WR wind. The central white area is the unshocked WR wind, assumed to have a
temperature T  10
4 K.
temperatures of 1:5106 K and 1:0106 K, respec-
tively (Bochkarev 1988; Wrigge et al. 1994; Wrigge
1999; Chu et al. 2003). The softness of these X-ray
spectra suggest a possible explanation for the non-
detection of X-rays in the other wind-blown bub-
bles, namely that extinction plays an important r^ ole
(Y.-H. Chu, priv. comm.). For X-ray emitting gas
temperatures in the range 1{5  106 K such a large
fraction of the emitted ux can be absorbed by the
intervening HI column that the tted temperature
depends strongly on the column density of neutral
hydrogen (Wrigge et al. 2005).
Another possible explanation for the non-
detection of X-rays from WR wind-blown bubbles
is that the X-ray emitting stage is relatively short-
lived, lasting, say, only 20% of the time the WR
wind is interacting with the RSG shell. In Figure 5
we show the variation of total X-ray luminosity with
elapsed time in the WR stage during the interaction
of the WR wind with the RSG shell for the 40M
star simulation described above. The total X-ray lu-
minosity of the model is larger in magnitude than ei-
ther that obtained for NGC 6888 ( 91034 erg s 1
from ASCA observations, Wrigge et al. 2005), or
S 308 ( 1  1034 erg s 1 from XMM observations,
Chu et al. 2003). The parameters of the simula-
tion have not been tailored to any particular object
and the X-ray emission is very sensitive both to the
absorbing H I column density and to the amount of
mass expelled in the RSG phase and swept up by the
WR wind (see Wrigge et al. 2005). Figure 5 shows
that in the simulation, the X-rays become slightly
harder with time, due to expansion of the X-ray
emitting structures and the reduction in their den-
sity and corresponding cooling rates. The absorbing
H I column obviously has an impact on the observed
X-ray luminosity since most of the emission comes
from the energy range E < 1 keV.
In this work, the X-rays are calculated assum-
ing collisional ionization equilibrium, taking into ac-
count both line and continuum emission processes
and assuming solar abundances. Solar abundances
are obviously not entirely appropriate for this situa-
tion since the evolving star will enhance the metal-
licity of its surface layers, which are then lost to the
stellar wind, as time proceeds. However, without
including a detailed description of the stellar evolu-
tion in our models, we cannot follow the changing
abundances in the circumstellar medium (see P erez-
Rend on 2006). The calculated X-ray spectrum is
then corrected for absorption using the procedure de-
scribed by Wilms et al. (2000), and nally it is folded
through the Chandra ACIS-SIS instrument response
matrices.
The gas responsible for the X-ray emission comes
from the interaction of the WR wind with the RSG
shell. However, this interaction leads to instabilities
in the dense shell, and the formation of Rayleigh-
Taylor ngers, then laments and clumps. These
clumps and laments contain reservoirs of dense neu-©
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WIND-BLOWN BUBBLES AND H II REGIONS 69
Fig. 5. (a) X-ray luminosity against time in the WR stage for the 2D numerical simulation describing the interaction
of the WR wind with the RSG shell. (b) Ratio of luminosity for the energy band < 1 keV to that of the energy band
> 1 keV. The three lines represent dierent neutral hydrogen column densities: Solid line | NH = 2  10
21 cm
 2,
dashed line | NH = 5  10
21 cm
 2, dot-dash line | NH = 10  10
21 cm
 2.
Fig. 6. (a) X-ray brightness for a thin wedge of the numerical simulation. (b) X-ray spectrum integrated over the whole
object for the simulation shown in Figure 4. An absorbing neutral hydrogen column density NH = 2:0  10
21 cm
 2 is
assumed.
tral gas, which are photoevaporated by the ionizing
photons from the hot star. The dense photoevap-
orated ow interacts with the fast stellar wind and
produces swept-back regions of relatively dense gas
at  106 K. Also, the main shock traveling through
the dense shell is a source of X-ray emission. In Fig-
ure 6 we show the X-ray brightness of a thin wedge
of the 2-D simulation for a time towards the end of
the range shown in Figure 5 and an absorbing col-
umn density NH = 2:0  1021 cm 2. Also shown in
Figure 6 is the corresponding X-ray spectrum for the
whole object at the same time. From these gures it
can be seen that the X-ray emission comes as much
from shocked clumps and laments as from behind
the principal shock. The X-ray spectrum obtained
from this simulation is soft, with the peak emission©
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coming at around 0.5 { 1 keV, although not as soft
as that observed for S 308.
In order to explain the amount and softness of
the X-rays emitted by wind-blown bubbles it has
been argued that nebular material from the RSG
shell must be mixed into the X-ray emitting gas,
both to increase the density and to enhance the
cooling rate (Chu et al. 2003; Wrigge et al. 2005).
This mixing could be due to thermal evaporation
of the cold shell by the hot bubble or by hydrody-
namic ablation of embedded clumps and laments.
Our simulations show that the embedded clumps
and laments are, indeed, important for the X-ray
emission, both through the interaction of photoe-
vaporated ows with the shocked stellar wind and
through hydrodynamic processes. We have not in-
cluded thermal conduction in our calculations, and
we comment that this additional mass-loading pro-
cess is not necessary in the present simulation to re-
produce the X-ray luminosities reported in the ob-
servations.
6. FINAL STAGES
By the end of the WR stage, the circumstellar
medium around the star consists of a low-density
bubble of hot, shocked WR wind surrounded by the
remnants of the main sequence wind bubble, a reion-
ized exterior H II region and neutral shell. This is
shown in Figure 7.
Many Wolf-Rayet stars are surrounded by mul-
tiple concentric shells of material, observable at in-
frared or 21 cm radio wavelengths and in about 8%
of cases even optically (Marston 1996). The out-
ermost shells can have diameters up to 100 pc and
are expanding slowly (generally, vexp < 10 km s 1
Marston 1996; Cappa et al. 2005). These structures
were mainly formed during the main-sequence stage.
The innermost shells are often visible in optical nar-
rowband images, and represent material ejected dur-
ing the RSG or LBV stage photoionized by the WR
star. In a few cases, there is evidence for dynami-
cal shaping of a nebula by the WR wind (Chu 1981;
Lozinskaya 1982).
It is into this circumstellar medium that the su-
pernova remnant will expand. Just as each subse-
quent stellar evolutionary stage reveals the structure
formed around the star by the previous stage, so too
do the supernova event and expansion of the super-
nova remnant help to uncover the structure of the
surrounding circumstellar and interstellar medium.
Gamma-ray burst afterglows probe the innermost re-
gions of the progenitor wind bubble (Chevalier et al.
2004), and Type II and Type Ib/c supernova nar-
Fig. 7. Radial structure of a stellar wind bubble around
a 40 M star at the end of the Wolf-Rayet phase, i.e.
after a total time of  4:8  10
6 years. Top panel: total
number density (solid line) and ionized number density
(dotted line). Bottom panel: temperature (solid line)
and internal energy (e = p=[   1] | dotted line).
row spectral absorption features can be attributed
to moving shells around the massive star progenitor
(Dopita et al. 1984). The rst  1000 years of super-
nova remnant expansion occur within the immediate
circumstellar medium of the progenitor and the in-
teraction of the ejecta with the ambient medium,
observed across the electromagnetic spectrum, can
reveal important clues as to the nature of the pro-
genitor star. In some cases, however, more puzzles
are created, such as the Cas A supernova remnant.
7. CONCLUSIONS
The basic theory of the formation and evolution
of wind-blown bubbles and H II regions around mas-
sive stars has been well understood for quite some
time. However, the classical picture does not with-
stand a detailed comparison with observations. In-
stabilities play a fundamental r^ ole in the formation
of structure and the generation of emission features,
both at optical and X-ray wavelengths. The ner de-
tails of the mass-loss episodes in the RSG and LBV
stages are the key to understanding the immediate
circumstellar medium at the onset of the WR stage.
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